Kathiria AS, Butcher MA, Hansen JM, Theiss AL. Nrf2 is not required for epithelial prohibitin-dependent attenuation of experimental colitis. Am J Physiol Gastrointest Liver Physiol 304: G885-G896, 2013. First published March 14, 2013 doi:10.1152/ajpgi.00327.2012.-Inflammatory bowel disease is associated with increased reactive oxygen species (ROS) and decreased antioxidant response in the intestinal mucosa. Expression of the mitochondrial protein prohibitin (PHB) is also decreased during intestinal inflammation. Our previous study showed that genetic restoration of colonic epithelial PHB expression [villin-PHB transgenic (PHB Tg) mice] attenuated dextran sodium sulfate (DSS)-induced colitis/oxidative stress and sustained expression of colonic nuclear factor erythroid 2-related factor 2 (Nrf2), a cytoprotective transcription factor. This study investigated the role of Nrf2 in mediating PHB-induced protection against colitis and expression of the antioxidant response element (ARE)-regulated antioxidant genes heme oxygenase-1 (HO-1) and NAD(P)H quinone oxidoreductase-1 (NQO-1). PHB-transfected Caco-2-BBE human intestinal epithelial cells maintained increased ARE activation and decreased intracellular ROS levels compared with control vector-transfected cells during Nrf2 knockdown by small interfering RNA. Treatment with the ERK inhibitor PD-98059 decreased PHB-induced ARE activation, suggesting that ERK constitutes a significant portion of PHB-mediated ARE activation in Caco-2-BBE cells. PHB Tg, Nrf2 Ϫ/Ϫ , and PHB Tg/Nrf2 Ϫ/Ϫ mice were treated with DSS or 2,4,6-trinitrobenzene sulfonic acid (TNBS), and inflammation and expression of HO-1 and NQO-1 were assessed. PHB Tg/Nrf2 Ϫ/Ϫ mice mimicked PHB Tg mice, with attenuated DSS-or TNBSinduced colitis and induction of colonic HO-1 and NQO-1 expression, despite deletion of Nrf2. PHB Tg/Nrf2 Ϫ/Ϫ mice exhibited increased activation of ERK during colitis. Our results suggest that maintaining expression of intestinal epithelial cell PHB, which is decreased during colitis, reduces the severity of inflammation and increases colonic levels of the antioxidants HO-1 and NQO-1 via a mechanism independent of Nrf2.
Ϫ/Ϫ mice mimicked PHB Tg mice, with attenuated DSS-or TNBSinduced colitis and induction of colonic HO-1 and NQO-1 expression, despite deletion of Nrf2. PHB Tg/Nrf2 Ϫ/Ϫ mice exhibited increased activation of ERK during colitis. Our results suggest that maintaining expression of intestinal epithelial cell PHB, which is decreased during colitis, reduces the severity of inflammation and increases colonic levels of the antioxidants HO-1 and NQO-1 via a mechanism independent of Nrf2.
activator protein-1; ERK; inflammatory bowel disease; heme oxygenase-1; NAD(P)H quinone oxidoreductase-1; Nrf2; oxidative stress; prohibitin THE TWO COMMON, BUT DISPARATE, forms of inflammatory bowel disease (IBD), Crohn's disease and ulcerative colitis, are associated with increased reactive oxygen species (ROS) and decreased antioxidant enzymes in the intestinal mucosa (2, 34, 38, 41, 47) . Exogenous ROS and the proinflammatory cytokine TNF␣, both of which are increased during IBD, promote cellular injury via mitochondrial ROS production (12, 13, 44) .
Damaged mitochondria are a key source of increased intracellular ROS from respiratory chain dysfunction, disturbing cellular homeostasis, which can result in cell death (9) .
Prohibitin 1 (PHB) belongs to a family of proteins that share an evolutionarily conserved stomatin/PHB/flotillin/HflK/C domain and serves diverse roles in cell function. PHB has been shown to regulate cell cycle progression, apoptosis, and transcription factor activity in multiple cell types (37, 54, 55) . PHB is highly expressed in intestinal epithelial cells, with predominant subcellular localization to the mitochondria (49) . Expression of PHB is decreased in mucosal biopsies from ulcerative colitis-and Crohn's disease-afflicted patients and in animal models of colitis (16, 49) . TNF␣ decreases expression of intestinal epithelial PHB in vivo and in vitro (50) . Restoration of colonic epithelial PHB expression by genetic manipulation [villin-PHB transgenic (Tg) mice] or therapeutic delivery to the colon via nanoparticle or adenovirus protects mice from experimental colitis and reduces oxidative stress (51, 52) . These findings are in agreement with emerging data that suggest a role of PHB in alleviating oxidative stress in multiple cell types (14, 29, 35, 45, 53) . Gene silencing of PHB in cultured intestinal epithelial cells induces mitochondrial membrane depolarization, increases intracellular ROS and mitophagy, and reduces cell viability (20) , suggesting that PHB is involved in epithelial cell homeostasis.
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a basic leucine zipper, redox-sensitive transcription factor that plays a role in cellular defense against oxidative and electrophilic stress through the induction of antioxidant and phase II detoxification enzymes. These cytoprotective genes are regulated through an antioxidant response element (ARE) in their promoter region to which Nrf2 binds, thereby activating transcription (19) . ARE-regulated genes include NAD(P)H quinone oxidoreductase-1 (NQO-1), heme oxygenase-1 (HO-1), peroxiredoxin 1, ␥-glutamylcysteine ligase, glutathione peroxidase, and glutathione disulfide reductase (26) . Nrf2 also attenuates early-phase tissue damage during inflammation in multiple organs through regulation of the innate immune response and repression of proinflammatory mediators (26) . Nrf2 knockout mice show increased susceptibility to colitis and colitis-associated tumorigenesis (24, 25, 40) . Our previous study showed that PHB-mediated protection from dextran sodium sulfate (DSS)-induced colitis in mice was associated with increased colonic Nrf2 expression and nuclear localization (52) . This study investigates the role of Nrf2 in mediating PHB-induced protection against colitis and expression of the ARE-responsive antioxidant enzymes HO-1 and NQO-1.
METHODS AND MATERIALS
Cell culture. The Caco-2-BBE human intestinal epithelial cell line (American Type Culture Collection, Manassas, VA) was used as an in vitro model of polarized intestinal epithelium. All cells were grown as a confluent monolayer in Dulbecco's modified Eagle's medium supplemented with 40 mg/l penicillin, 90 mg/l streptomycin, and 10% fetal calf serum. All experiments were performed on Caco-2-BBE cells between passages 30 and 40. Caco-2-BBE cells were plated onto permeable supports (0.4-m pore size; Transwell-Clear polyester membranes, Costar Life Sciences, Acton, MA). Cells were transiently cotransfected with pEGFPN1 expression vector or pEGFPN1-PHB (20) and 20 M Nrf2 small interfering RNA (siRNA) (Santa Cruz Biotechnology, Santa Cruz, CA) or 20 M Stealth RNAi negative control medium GC (Invitrogen, Carlsbad, CA) by nucleofection (Amaxa transfection, cell line kit T; Lonza, Basel, Switzerland). At 48 h after transfection, cells were serum-deprived for 12 h and treated with 10 ng/ml recombinant human TNF␣ (R & D Systems, Minneapolis, MN) in the basolateral chamber. Subcellular fractions of nuclei and cytosol (which includes mitochondria) were isolated as previously described (50) .
Animal models. PHB Tg (C57BL/6) mice specifically overexpressing PHB in intestinal epithelial cells (52) and Nrf2 Ϫ/Ϫ (C57BL/6) mice were crossed to generate PHB Tg/Nrf2 Ϫ/Ϫ mice. Wild-type (WT), PHB Tg, Nrf2
Ϫ/Ϫ , and PHB Tg/Nrf2 Ϫ/Ϫ mice were 8 wk old at the beginning of the experimental protocol. Genotyping was performed using PCR on DNA extracted from the tail, as previously described (24, 52) . All mice were group-housed in standard cages under a controlled temperature (25°C) and photoperiod (12:12-h light-dark cycle) and were allowed standard chow and tap water ad libitum. All experiments were approved by the Baylor Research Institute Institutional Animal Care and Use Committee.
Induction of colitis in mice. DSS (50,000 mol wt; MP Biomedicals, Solon, OH) was administered orally at 2.5% (wt/vol) in tap water ad libitum for 7 days to age-and sex-matched male and female WT, PHB Tg, Nrf2 Ϫ/Ϫ , and PHB Tg/Nrf2 Ϫ/Ϫ mice. Normal tap water was administered to littermate controls of each genotype throughout the treatment period. Mean DSS water consumption, body weight, and clinical signs of inflammation were assessed daily during the treatment period.
As a second model of colitis, 2,4,6-trinitrobenzene sulfonic acid (TNBS; Sigma Aldrich, St. Louis, MO) dissolved in 50% ethanol was given by enema at 150 mg/kg body wt. Littermate controls of each genotype were given 50% ethanol by enema. Colonic inflammation was assessed 72 h after TNBS administration.
Clinical score assessment. A clinical activity score was generated using body weight loss, stool consistency, and the presence of occult blood by a guaiac test (Hemoccult Sense, Beckman Coulter, Fullerton, CA), as described previously (52) . The scores for each parameter were added to obtain a clinical activity score, with 12 being the maximal score.
Myeloperoxidase activity. Myeloperoxidase (MPO) activity was measured as a marker of neutrophil infiltration. A portion of the colon was homogenized 1:20 (wt/vol) in 50 mmol/l phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide, sonicated for 10 s, subjected to three freeze-thaw cycles, and centrifuged at 14,000 rpm for 15 min. Supernatant was added to 1 mg/ml of o-dianisidine hydrochloride and 5 ϫ 10 Ϫ4 % hydrogen peroxide, and the change in absorbance was measured at 460 nm.
Western blot analysis. Proteins were extracted as described previously (52) , separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and electrotransferred to nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were probed with antibodies at 4°C overnight and subsequently incubated with corresponding horseradish peroxidase-conjugated secondary antibodies (Bio-Rad). Immunoreactive proteins were detected using Amersham ECL Plus reagent (GE Healthcare, Piscataway, NJ). Blots were reprobed with anti-␤-actin (Sigma Aldrich) or anti-␤-tubulin (Sigma Aldrich) antibodies. Antibodies were as follows: mouse monoclonal PHB antibody (Thermo Fisher, Fremont, CA), mouse monoclonal HO-1 (Abcam, Cambridge, MA), rabbit polyclonal histone H3 (Millipore, Billerica, MA), mouse monoclonal green fluorescent protein (GFP; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal Nrf2 (Santa Cruz Biotechnology), goat polyclonal NQO-1 (Santa Cruz Biotechnology), rabbit polyclonal c-Jun (Santa Cruz Biotechnology), goat polyclonal c-Fos (Santa Cruz Biotechnology), rabbit polyclonal ERK (Santa Cruz Biotechnology), and phosphorylated ERK (Cell Signaling, Danvers, MA).
Dual-luciferase reporter assay. Caco-2-BBE cells were cotransfected using Amaxa nucleofection with 1.6 g of ARE4-firefly luciferase reporter construct containing four tandem copies of an ARE sequence (36) and 5 ng of pRL-CMV Renilla luciferase construct (Promega) as an internal control. ARE 4 binds activator protein-1 (AP-1) and Nrf2 (56) . After 48 h, cells were treated with TNF␣ as described above and analyzed for firefly and Renilla luciferase activity using the Dual Luciferase Assay Kit (Promega) according to the manufacturer's protocol. RNA isolation and quantitative RT-PCR analysis. Total RNA was isolated from colon or Caco-2-BBE cells using the RNeasy kit (Qiagen, Valencia, CA). Two micrograms of reverse-transcribed cDNA (Optimaz First Strand cDNA Synthesis Kit, Biochain, Newark, CA) were amplified by quantitative real-time PCR (qRT-PCR) using 10 M gene-specific primers and iQ SYBR Green Supermix (BioRad). Expression level of 18S was used as an internal control (see Table 1 for primer sequences).
2=,7=-Dichlorofluorescein assay. As a measure of intracellular ROS generation, conversion of the nonionic, nonpolar 2=,7=-dichlorodihydrofluorescein diacetate (H 2DCFDA; Invitrogen) to fluorescent 2=,7=-dichlorofluorescein (DCF) was measured. Caco-2-BBE cells stably overexpressing control vector or PHB were transfected with negative HO-1, heme oxygenase-1; NQO-1, NAD(P)H quinone oxidoreductase-1; PHB, prohibitin; Nrf2, nuclear factor erythroid 2-related factor 2.
control siRNA or Nrf2 siRNA as described above and seeded in a 96-well plate. At 36 h after transfection, cells were serum-deprived for 12 h and treated with 10 ng/ml recombinant human TNF␣ for 8 h. Cells were then loaded with 10 M H 2DCFDA for 10 min and rinsed with 1ϫ phosphate-buffered saline; after 10 min, fluorescence was quantitated using a plate reader following the manufacturer's protocol.
Statistical analysis. Values are means Ϯ SE. Statistical analysis was performed using two-way analysis of variance and subsequent pair-wise comparisons using Bonferroni's post hoc tests. P Ͻ 0.05 was considered statistically significant in all analyses.
RESULTS

Caco-2-BBE cells overexpressing PHB exhibit increased TNF␣-induced Nrf2 nuclear localization, ARE activation, and HO-1 and NQO-1 expression.
Our previous study suggested that PHB overexpression in intestinal epithelial cells protected against inflammation and oxidative stress in association with increased Nrf2 activation (52) . It is widely accepted that TNF␣ is a central mediator of the proinflammatory response during intestinal inflammation (3). TNF␣-induced ROS generation occurs primarily in the mitochondria, and signal transduction pathways that delineate with TNF␣, including NF-B activation and apoptosis, are reliant on mitochondrial ROS production (12, 13, 15) . Furthermore, mitochondrial function and intracellular ROS levels are regulated by relative concentrations of PHB (20) . To determine whether PHB overexpression induces Nrf2 during TNF␣ signaling, Caco-2-BBE cells were transfected with GFP-tagged PHB or GFP control vector and treated with TNF␣. Protein expression of endogenous PHB, predominantly localized in the cytosolic fraction, is decreased by TNF␣ treatment (Fig. 1A) . Caco-2-BBE cells overexpressing PHB show increased Nrf2 nuclear translocation 60 min after TNF␣ treatment compared with control vector-expressing cells. Blots were probed with an anti-GFP antibody to confirm expression of exogenous GFP-tagged PHB, which localized in the cytosol (Fig. 1A) . PHB-overexpressing cells cotransfected with an ARE 4 -luciferase reporter construct exhibited more relative luciferase activity induced by TNF␣ than control vector-transfected cells (Fig. 1B) . Although the mRNA ( vector-and PHB-transfected cells (Fig. 1D ). Blots were probed with an anti-GFP antibody to confirm expression of exogenous GFP-tagged PHB (Fig. 1D) .
PHB-induced ARE activation, NQO-1 and HO-1 protein expression, and decreased intracellular ROS levels during TNF␣ treatment are not exclusively mediated via Nrf2.
To assess the role of Nrf2 in PHB-induced antioxidant responses during proinflammatory signaling, Nrf2 expression in Caco-2-BBE cells was knocked down using siRNA. Basal ARE 4 -luciferase expression was unaffected by Nrf2 knockdown in vector-and PHB-overexpressing cells (Fig. 2A) . Nrf2 knockdown caused a 71% reduction in TNF␣-induced ARE 4 -luciferase activity in control vector-transfected cells (7.6 Ϯ 0.5 and 2.0 Ϯ 0.1 with TNF␣ and TNF␣ ϩ Nrf2 siRNA, respectively, P Ͻ 0.01; Fig. 2A ), suggesting that Nrf2 contributes to the majority of ARE activation during TNF␣ signaling. In PHB-overexpressing cells, Nrf2 knockdown caused only a 36% decrease in TNF␣-induced ARE-luciferase activity (15.9 Ϯ 1.7 and 10.1 Ϯ 1.3 with TNF␣ and TNF␣ ϩ Nrf2 siRNA, respectively, P Ͻ 0.05; Fig. 2A ), suggesting that Nrf2
contributes to approximately one-third of PHB-induced ARE activation during PHB overexpression.
Cells treated as described in Fig. 2A were collected for Western blotting and assayed for NQO-1, HO-1, and endogenous PHB protein expression (Fig. 2B) . TNF␣ increased NQO-1 and HO-1 protein levels in vector-and PHB-transfected cells, but the magnitude was greater in cells overexpressing PHB, which is similar to results shown in Fig. 1D . Nrf2 knockdown did not affect TNF␣-induced NQO-1 and HO-1 protein expression in PHB-transfected cells (Fig. 2B ). Blots were probed for Nrf2 protein expression to ensure Nrf2 knockdown or GFP to confirm overexpression of GFP-PHB. Although Nrf2 knockdown did not affect endogenous PHB protein levels, TNF␣ treatment decreased endogenous PHB protein expression to the same magnitude in vector-and PHB-transfected cells, which is in agreement with endogenous PHB data in Fig. 1D . Nuclear and cytosolic extracts were also isolated from cells treated as described in Fig. 2B and assessed for Nrf2 protein expression by Western blotting. Nrf2 was predominantly localized in the cytosol, and protein levels were reduced during Nrf2 knockdown by siRNA (Fig. 2C) . Translocation of Nrf2 to the nuclei was increased after TNF␣ treatment in vector-and PHB-overexpressing cells, but the translocation was greatest in cells overexpressing PHB. Nrf2 knockdown decreased TNF␣-induced Nrf2 nuclear localization, regardless of PHB overexpression (Fig. 2C) . Collectively, these results suggest that rescuing TNF␣-mediated decreased endogenous PHB levels via forced overexpression increases HO-1 and NQO-1 protein expression via a non-Nrf2-dependent mechanism.
Intracellular ROS levels were significantly lower in cells overexpressing PHB as measured by DCF fluorescence (Fig.  2D) . TNF␣ treatment increased intracellular ROS in control vector-and PHB-overexpressing cells, but levels were significantly lower in PHB-overexpressing than control vector-transfected cells. Basal ROS levels were unaffected by Nrf2 knockdown in vector-or PHB-transfected cells (Fig. 2D) . TNF␣ increased ROS levels during Nrf2 knockdown in vector-transfected cells, but levels remained significantly lower in PHBoverexpressing cells, suggesting that PHB reduction in intracellular ROS is not mediated by Nrf2.
PHB Tg mice are less susceptible to DSS-induced colitis, regardless of Nrf2 knockout. We previously generated PHB Tg mice that specifically overexpress PHB in intestinal epithelial cells (52) . PHB Tg mice were less susceptible to DSS-induced colitis, which is associated with increased Nrf2 nuclear localization (52) . To determine the role of Nrf2 in PHB-induced protection against colitis, PHB Tg mice were bred to Nrf2 nificant weight loss starting on day 6 of DSS treatment (Fig. 3A) . In contrast, PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ mice lost less weight over the course of DSS treatment, with PHB Tg/ Nrf2 Ϫ/Ϫ mice maintaining their weight throughout the treatment period (Fig. 3A) . The mice were assigned a clinical score consisting of severity of body weight loss, stool consistency, and presence of gross bleeding or blood in the stool on day 7 of DSS treatment before death. DSS-treated WT and Nrf2 Ϫ/Ϫ mice showed a significantly higher clinical score than DSStreated PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ mice (Fig. 3B) . Gross bleeding was evident only in WT and Nrf2 Ϫ/Ϫ mice (Fig. 3C ). All animals exhibited increased MPO activity, a marker of neutrophil infiltration, in the distal colon following DSS treatment compared with water-treated controls, but levels in DSStreated PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ mice were significantly less than in WT and Nrf2 Ϫ/Ϫ mice (Fig. 3D) . A reduction in colon length is a gross indicator of disease severity in the DSS model of colitis. All animals treated with DSS showed reduced colon length compared with water-treated controls; however, shrinkage was less severe in PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ mice (Fig. 3E) . mRNA expression of the proinflammatory cytokines IL-1␤ and TNF␣ was increased by DSS treatment across all groups of mice, but levels were significantly lower in PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ than WT and Nrf2 Ϫ/Ϫ mice. Collectively, these results suggest that epithelial PHB-modulated protection from colitis is not dependent on Nrf2 signaling.
PHB Tg mice exhibit increased colonic HO-1 and NQO-1 expression during DSS-induced colitis, which is unaffected by Nrf2 deletion. Since increased susceptibility to DSS-induced colitis in Nrf2
Ϫ/Ϫ mice was previously shown to be associated with decreased expression of Nrf2-responsive genes, such as antioxidant/phase II detoxifying enzymes, including HO-1 and NQO-1 (24), we next assayed expression of HO-1 and NQO-1 in PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ mice during DSS-induced colitis. PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ mice exhibited increased colonic HO-1 and NQO-1 mRNA (Fig. 4A) and protein (Fig. 4, 
B-D) expression compared with WT and Nrf2
Ϫ/Ϫ mice, suggesting that PHB protection from colitis is associated with increased expression of antioxidants but does not occur through Nrf2 signaling. Nrf2 Ϫ/Ϫ mice exhibit decreased NQO-1 mRNA and protein expression compared with WT mice during DSSinduced colitis, whereas HO-1 mRNA remained unchanged, de- spite a significant decrease in HO-1 protein levels. Decreased HO-1 protein levels could be mediated by posttranslational modifications, leading to increased protein degradation (4) . As shown previously (52) , colonic mRNA expression of Nrf2 was increased in PHB Tg mice during DSS-induced colitis compared with WT mice; however, Nrf2 mRNA was undetectable in Nrf2
Ϫ/Ϫ and PHB Tg/Nrf2 Ϫ/Ϫ mice (Fig. 4A) . PHB Tg mice are less susceptible to TNBS-induced colitis independently of Nrf2. TNBS-induced colitis was used as a second well-known model of intestinal inflammation. On day 1 after administration of TNBS, all mice lost the same amount of body weight (Fig. 5A) . PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ mice recovered the lost weight by day 3 after TNBS administration, while WT and Nrf2 Ϫ/Ϫ mice did not. Consistent with this observation, WT and Nrf2
, but not PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ , mice exhibited increased MPO activity in the distal colon following TNBS treatment compared with vehicle controls (Fig. 5B) . Increased expression of HO-1 and NQO-1 mRNA (Fig. 5C ) and protein ( Fig. 5D ) was sustained in PHB Tg/Nrf2 Ϫ/Ϫ mice during TNBS-induced colitis. These results corroborate our findings with the DSS model of colitis.
Colonic endogenous (mouse) and exogenous (human) PHB mRNA expression during DSS-and TNBS-induced colitis.
To determine colonic endogenous PHB or transgene expression, mouse PHB and human PHB mRNA expression, respectively, were assessed across all the genotypes of mice by qRT-PCR after DSS (Fig. 6A) or TNBS (Fig. 6B) treatment. There was no significant effect of Nrf2 knockout on endogenous colonic PHB mRNA expression. The induction of colitis by DSS or TNBS decreased endogenous PHB mRNA expression. These data are in agreement with our previous findings showing a decrease in endogenous PHB protein levels during colitis (49) . Colonic PHB transgene expression is significantly increased in PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ mice at baseline and during colitis.
PHB Tg/Nrf2 Ϫ/Ϫ mice show increased ERK1/2 activation and AP-1 expression during colitis. In addition to Nrf2, the transcription factor AP-1 binds to some ARE sites and activates transcription of antioxidant/phase II detoxifying enzymes, including HO-1 and NQO-1 (18, 33) . Furthermore, ERK signaling has been identified as an upstream mediator involved in AP-1 activation (17) . AP-1 is a dimeric transcription factor composed of c-Jun, c-Fos, or activating transcription factor subunits (28) . Since increased expression of HO-1 and NQO-1 was sustained in PHB Tg mice, even with Nrf2 deletion, we next assessed activation of ERK, as well as protein levels of c-Fos and c-Jun. PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ mice exhibited increased colonic phosphorylated ERK protein levels during colitis induced by DSS (Fig. 7A) and TNBS (Fig. 7C ) compared with WT and Nrf2 Ϫ/Ϫ mice. Colonic c-Jun protein levels were increased in PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ mice treated with DSS (Fig. 7B) or TNBS (Fig. 7D) , while c-Fos protein levels were increased predominantly in PHB Tg/ Nrf2 Ϫ/Ϫ mice during colitis. ERK signaling contributes to PHB-induced ARE activation during TNF␣ treatment. To assess the role of ERK in PHBinduced ARE activation during proinflammatory signaling and Nrf2 knockdown, ERK signaling was inhibited using PD-98059 in Caco-2-BBE cells. As shown in Fig. 8 , addition of the ERK inhibitor PD-98059 in cells overexpressing PHB decreased TNF␣-induced ARE 4 activation by 41% (16.80 Ϯ 3.3 and 9.83 Ϯ 0.3 with TNF␣ and TNF␣ ϩ PD-98059, respectively, P Ͻ 0.01) compared with only 21% in vector-transfected cells (8.46 Ϯ 1.4 and 6.60 Ϯ 0.2 with TNF␣ and TNF␣ ϩ PD-98059, respectively, P Ͻ 0.05). Vector-transfected cells with Nrf2 knockdown showed a 70% reduction in TNF␣-induced ARE 4 -luciferase expression (8.46 Ϯ 1.4 and 2.50 Ϯ 0.6 with TNF␣ and TNF␣ ϩ Nrf2 siRNA, respectively, P Ͻ 0.01; Fig. 8 ), whereas PHB-overexpressing cells showed only a reduction of 41% (16.80 Ϯ 3.3 and 9.98 Ϯ 1.7 with TNF␣ and TNF␣ ϩ Nrf2 siRNA, respectively, P Ͻ 0.01), which are similar to results shown in Fig. 2A . Addition of PD-98059 during Nrf2 knockdown decreased TNF␣-induced ARE 4 activation by an additional 38% compared with Nrf2 knockdown alone in cells overexpressing PHB (9.98 Ϯ 1.7 and 3.47 Ϯ 1.9 with TNF␣ ϩ Nrf2 siRNA and TNF␣ ϩ Nrf2 siRNA ϩ PD-98059, respectively, P Ͻ 0.01) vs. an additional 15% in cells overexpressing control vector (2.50 Ϯ 0.6 and 1.3 Ϯ 0.5 with TNF␣ ϩ Nrf2 siRNA and TNF␣ ϩ Nrf2 siRNA ϩ PD-98059, respectively, P Ͻ 0.05; Fig. 8 ). Addition of SP-600125 (a JNK inhibitor) or SB-203580 (a p38 MAP kinase inhibitor) did not further reduce ARE 4 -luciferase expression.
DISCUSSION
In IBD, increased ROS levels have been demonstrated to play a pathophysiological role in tissue damage, barrier dysfunction, apoptosis, and wound healing (22, 39) . In addition to excessive production of ROS, inadequate antioxidant responses in the mucosa of IBD patients are thought to contribute to the pathogenesis and progression of the inflammatory process (23, 30, 31) . We and others have shown that the mitochondrial protein PHB is decreased in mucosal biopsies during active and inactive IBD and in animal models of colitis (16, 49) . We show here that intestinal epithelial cell-specific PHB overexpression protects from DSS-and TNBS-induced colitis in association with upregulation of the antioxidants HO-1 and NQO-1 independent of Nrf2 signaling.
Under quiescent conditions, Kelch-like ECH-associating protein (Keap1) sequesters Nrf2 in the cytoplasm and promotes its constitutive ubiquitination and proteasomal degradation. During high levels of ROS generation, oxidative modification of cysteine residues on Keap1 and phosphorylation of serine or threonine residues on Nrf2 result in the release of Nrf2 from Keap1, thereby escaping proteasomal degradation, allowing accumulation and translocation into the nucleus and binding to cis-acting ARE sites in promoters of antioxidant and phase II detoxifying genes (19) . Although data of Nrf2 expression in the mucosa of IBD patients during active inflammation are not readily available, multiple rodent models of colitis have shown decreased colonic Nrf2 expression following induction of in- flammation that persists after inflammation has subsided (7, 52, 57) . Nrf2 Ϫ/Ϫ mice show increased susceptibility to intestinal, liver, lung, kidney, and brain inflammation (8, 24, 25, 40) . Loss of Nrf2 allows oxidative stress to persist, since many antioxidant systems are not readily upregulated. In addition to HO-1 and NQO-1, deletion of Nrf2 diminishes upregulation of Mn-SOD, catalase, glutathione S-transferases, and ␥-glutamylcysteine synthetase regulatory subunit, all of which are involved in the cellular response to oxidative/xenobiotic stress (32) . Therefore, Nrf2 induces expression of antioxidant enzyme systems, many of which increase levels of glutathione synthesis and regeneration and stimulate NADPH synthesis. Contrary to our expectation, this study showed that PHB Tg/Nrf2
Ϫ/Ϫ mice mimicked PHB Tg mice in response to DSS or TNBS treatment, with attenuated severity of colitis and induction of colonic HO-1 and NQO-1 expression, despite deletion of Nrf2. Therefore, Nrf2 is not required for epithelial PHB-dependent attenuation of experimental colitis.
TNF␣ decreases expression of intestinal epithelial PHB in vivo and in vitro (50) . We show here that Caco-2-BBE cells overexpressing PHB exhibit increased TNF␣-induced Nrf2 nuclear localization, ARE 4 activation, and HO-1 and NQO-1 expression compared with control vector-transfected cells. Using Nrf2 knockdown by siRNA, we show that rescuing TNF␣-mediated-decreased endogenous PHB levels via forced overexpression increases HO-1 and NQO-1 protein expression and ARE 4 activation via a mechanism not dependent on Nrf2. TNF␣ stimulates intracellular ROS predominantly generated from the mitochondria, which can initiate signaling cascades modulating cell survival and apoptosis (12, 13, 15) . Interestingly, basal intracellular ROS levels were significantly decreased in cells overexpressing PHB (Fig. 2D) , despite no concurrent increase in ARE 4 -luciferase (Figs. 1B and 2A) , suggesting that basal reduction of intracellular oxidative stress by PHB is not through induction of ARE-responsive genes. Since it has been shown that PHB interacts with and regulates complex I and subunits of cytochrome c oxidase of the respiratory chain (45, 53) , it is possible that decreased ROS levels during PHB overexpression could be due to less oxidant leak from mitochondria during normal mitochondrial respiratory function.
In vitro studies were used to assess the role of PHBmediated ERK signaling in ARE 4 activation in Caco-2-BBE cells with Nrf2 knockdown by siRNA to mimic our in vivo model. The majority (70%) of ARE 4 activation in control cells is mediated by Nrf2, with a smaller portion (20%) contributed by ERK. PHB overexpression resulted in an approximately twofold higher TNF␣-induced ARE 4 -luciferase expression than in vector control cells. ERK inhibition in combination with Nrf2 knockdown almost completely inhibited PHB-induced ARE 4 activation during TNF␣ treatment, with each pathway contributing ϳ40% of ARE 4 activation, suggesting that these pathways act separately in an additive manner. TNF␣ treatment downregulated PHB expression and upregulated Nrf2, in which case the majority (70%) of ARE 4 activation is Nrf2-dependent, with only a fraction (20%) dependent on PHB. Exogenous expression of PHB negated the downregulation of PHB by TNF␣ and further activated ARE 4 beyond that which is Nrf2-dependent through the ERK signaling pathway. These results, coupled with our in vivo results showing that PHB Tg and PHB Tg/Nrf2 Ϫ/Ϫ mice exhibited increased colonic ERK activation during DSS-or TNBS-induced colitis compared with WT and Nrf2 Ϫ/Ϫ mice, suggest that PHB overexpression induces activation of ERK, which has been shown to contribute to ARE activation through activation of AP-1 (18, 27, 33 ). Similar to Nrf2, transcriptional activity mediated by AP-1 can be regulated by a redox mechanism. Reduction of a conserved cysteine residue in the DNA-binding domains of c-Fos and c-Jun is required for AP-1/DNA-binding activity (1) . Previous studies have indicated plasma membraneassociated PHB in modulating ERK activation (42, 43, 46, 58) . PHB is thought to interact with CRAF kinase in the plasma membrane, thereby stimulating phosphorylation of MEK1/2, which in turn phosphorylates ERK1/2, leading to cell proliferation. Recently, ERK and its upstream kinase MEK1/2 have been shown to be present in the mitochondria and shuttle to the cytosol or nuclei (10) . Given the mitochondrial localization of PHB in our studies, PHB could activate ERK in the mitochondria, leading to downstream signaling beyond the organelle.
Nrf2 signaling is considered a double-edged sword in regard to single-cell protection from oxidative and electrophilic stresses vs. cancer cell survival. It is thought that Nrf2 suppresses cancer initiation through elimination of ROS and protection of DNA from oxidative damage. Many potential therapeutic compounds, such as pterostilbene, resveratol, and peracetylated (Ϫ)-epigallocatechin-3-gallate, that possess anti-inflammatory, antioxidant, and/or anticarcinogenic properties induce Nrf2 as their mechanism of action (5, 6). However, after initiation of cancer, dysregulation of the Nrf2/Keap1 pathway promotes tumorigenicity and chemoresistance through upregulation of detoxification pathways in cancer cells (48) . The link between chronic inflammation and increased risk of cancer in multiple organs is well established. Patients with IBD are at an increased relative risk of developing colorectal cancer compared with the general public (11) . A valid concern regarding PHB overexpression is the potential to increase tumorigenicity due to upregulation of detoxification pathways, rendering cells resistant to death. However, our recent study showed that PHB Tg mice are protected from colitis-associated tumorigenesis induced by azoxymethane-DSS treatment (21) , suggesting that PHB overexpression suppresses initiation of inflammation-induced cancer.
Collectively, our results suggest that maintaining expression of intestinal epithelial cell PHB, which is decreased during colitis, reduces the severity of inflammation and increases colonic levels of the antioxidants HO-1 and NQO-1, regardless of Nrf2 deletion. PHB utilizes the ERK pathway to increase ARE activation, and during situations of Nrf2 loss, significant ARE induction remains if PHB is exogenously expressed. Loss of PHB expression during intestinal inflammation may contribute to decreased mucosal antioxidant expression, perpetuating tissue damage.
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